Annual crop yield forecasts are necessary for analysis because evaluating climate-change impacts on world food markets requires supply-response functions, including output prices of the prior year. This research was undertaken to develop yield-response functions of the world food model to evaluate climate-change effects by incorporating a crop model into the yield-trend function. Yield-trend functions of rice, wheat, maize, and soybeans were obtained by estimating logistic functions or linear functions with a logarithmic time-trend term and climate variables. Furthermore, temperature and solar-radiation elasticities of yields were calculated using a crop model of the FAO and IIASA. The functions of the maximum rate of gross biomass production and the maximum net rate of CO 2 exchange of leaves in the crop model were modified by introducing cubic spline interpolation and logistic functions. Smoothing these two functions alleviates drastic changes, but reveals small changes in the elasticities of crop yields compared to the kinked functions and these more realistic elasticities can improve the evaluation accuracy of climate-change impacts on crop supply and demand. These variable elasticities of temperature and solar-radiation were inserted into the yield-trend functions, whereupon the global effects of changes in climate variables, including rainfall, were analyzed. The changes in yields obtained using climate variables of two of the four RCP scenarios were compared with the baseline, for which climate variables were fixed. Results of trend analyses show that yields of rice, wheat, maize, and soybeans under RCP8.5 are lower than those under RCP2.6, except for wheat in China. Results of geographical analysis show that climate change can be expected to affect wheat and maize productions in low-latitude countries. Furthermore, results suggest that climate change will depress rice production in sub-Saharan African countries in the 2040s.
Introduction
Analyzing climate-change effects on crop production is crucial for developing food-security countermeasures because a widespread decline in crop production will trigger a sharp rise in food prices. Such a price hike constitutes a threat to human entitlement to food, as asserted by Sen (1981) .
To evaluate climate-change effects on agricultural product markets, supply and demand models of agricultural products have been incorporated into crop models. Parry et al. (1999) estimated the yield functions for which the dependent variable is the potential yield of crop models such as CERES-Wheat and for which independent variables include temperature, rainfall, and CO 2 concentration. The yield functions are used in a supply and demand model: the Basic Linked System of International Institute for Applied Systems Analysis (IIASA). Furuya & Koyama (2005) developed a world food model with yield functions, including terms of climate variables as independent variables and used it to evaluate the *Corresponding author: e-mail furuya@affrc.go.jp Received 11 October 2013; accepted 6 October 2014. effects of global warming on agricultural markets. The model was then extended by Furuya & Kobayashi (2009) to a stochastic world food model considering variations in climate variables. These functions are specified as linear functions, for which explanatory variables are the time trend, temperature, and rainfall. An important shortcoming of the linear yield-function approach is the inability of the function to follow the inverse-u shaped relation between yield and temperature. However, it is difficult to estimate quadratic-or parameter-variable yield functions when timeseries data are lacking.
To analyze climate-change effects on crop production and agricultural markets, the parameter-variable yield function, which has an inverse-u shaped relation between the yield and temperature, is necessary for long-term forecasting. Furthermore, this yield function follows a diminishing rate of increase of technological progress. Introducing crop models to the world food model is one means of improving it and Rosenzweig et al. (2013) organized a group comprising climate, crop modeling, and economic teams to improve the model accuracy, but connecting crop models and the economic sector remains difficult to evaluate. Equilibrium prices and quantities in the supply and demand model sector will not be obtained if gaps exist between the estimated yield from a crop model and actual yield in statistics. To fill that gap, as shown earlier, Parry et al. (1999) estimated the quadratic functions for which the yield was calculated, using a crop model explained by temperature, rainfall, and CO 2 concentration using cross-section data.
Most crop models incorporate a system such as a Decision-Support System for Agrotechnology Transfer (DSSAT) , which help analyze climate-change effects on crop production such as the analysis reported by Jones & Thornton (2003) . However, it is difficult to apply such systems to economic models because the system parameters are obscure.
In contrast to these packaging models, the crop-model parameters of the Global Agro-ecological Zones (GAEZ) of the Food and Agriculture Organization of the United Nations (FAO) and the IIASA are presented in a report by Fischer et al. (2002) , although not shown in Fischer et al. (2012) . The parameters cover 34 crops in four climate zones worldwide. The biomass production and yield calculation method of the GAEZ (Doorenbos & Kassam 1979 ) is applied to estimate climate-variable elasticities of yields in this study. These parameters are incorporated into yield functions for long-term forecasting and the long-term trend and annual changes in global crop yields under RCP scenarios will be obtained using the yield functions.
The target crops in this study are rice, wheat, maize, and soybeans. Changes in the yields of four simulations using climate variables under the Representative Concentration Pathway (RCP) scenarios of the Coupled-Model This study was conducted to develop yield-response functions of the world food model to evaluate climatechange effects by incorporating the crop model into the yield-trend function. Another purpose is ascertaining the climate-change impacts on crop yield in the long term in the world by these yield-response functions, using climateforecast data of the RCP scenarios of the CMIP5.
Model
The relation between temperature and crop yield is inverse-u shaped, resembling that presented by Horie et al. (1995) . However, since it is difficult to estimate the quadratic functions using crop yield and climatic-variable data due to the limited duration of available data, many studies instead evaluate climate-change impacts on crop production using sophisticated crop models based on plant physiology. However, the parameters and functions of most such models remain undisclosed. Moreover, these packaging models are unsuitable for research if the research purpose is to analyze annual changes in crop yields under climate change. A method of incorporating the climatic parameters of a crop model to the yield-trend functions is investigated in this section.
First, the trends of the yield, as a proxy of the technological progresses of the four crops for each country, are estimated considering past climate change. Second, the parameters of changes in yield to temperature and solarradiation calculated from the crop-model parameters, are introduced into the yield-trend functions. The first stage involves estimating the yield-trend function using the time trend and climate variables before the base year for exclusion of the climate-change effects from the trend.
The general form of the yield-trend function before the base year is Y = f YH (T, TP H , RG H , PT H ), where T is the time trend and where TP H , RG H , and PT H respectively represent the historical temperature, solar-radiation, and rainfall. After the base year, the yield-trend function responds only to the time trend: the general form of the function is Y = f YB (T). Results estimated using this function are used as the baseline.
The general form of the yield function with the climate parameters of the crop model is
where TP F , RG F , and PT F respectively denote the forecast temperature, solar-radiation, and rainfall. Results estimated using this function are used as simulation results in the RCP scenarios.
The potential yield, Yp, is used in the crop model and determined by climate conditions such as changes in tem-perature and solar-radiation. The difference in the potential yield Yp and the actual or forecast yield Y corresponds to the differences in technological and institutional circumstances in each country.
Yield-trend function
Crop yields increased dramatically during the 1960s-1980s in economically developing countries because of the green revolution, i.e., dissemination of modern plant varieties and chemical fertilizers and construction of irrigation facilities. Recently however, rates of increase in yields have slumped (Ray et al. 2012) . Considering crop yield-trends, the yield functions of the four crops are specified as the four parameter logistic function. These logistic functions are used mainly to analyze nutritional input-output responses such as those presented by Vedenov & Pesti (2008) . Moreover, 1-5 parameter logistic models exist (Harris 1989 , Gottschalk & Dunn 2005 . Considering the lack of data in economically developing countries and the future uncertainty related to yield changes, the results of a five-parameter logistic model, which assumes an asymmetric slope, will depend heavily on the few most recent data. Therefore, the following four-parameter logistic models are estimated with climate variables as crop-yield functions. The climatechange effects are included in these yield-trends because atmospheric CO 2 concentrations have been increasing since the mid-twentieth century. To eliminate climate-change effects from yield trend, climate variables are introduced into the yield function. Figure 1 exhibits an estimation result of the logistic rice yield function in Bangladesh as an example.
In some economically developing countries, such as many in Africa, technological progress in crop production started only recently. The logistic function does not fit well in these cases. The following linear function with the logarithmic time trend as a variable is used as yield functions in this case.
Therein, T L stands for the time trend where 1951=1. As in the previously introduced equation, TP lk signifies temperature, RG lk denotes solar-radiation, and PT lk represents rainfall. Figure 2 presents an estimation result of a linear-yield function with the logarithmic trend of soybeans in Argentina as an example.
Yield function with climate parameters based on a crop model
The crop model used for this study was developed by Doorenbos & Kassam (1979) and summarized by Fischer et al. (2002) . The model incorporates 34 crops produced worldwide, including rice, wheat, maize, and soybeans. All functions of the crop model are presented in the Appendix 4-5 (PP. 141-142) of Fischer et al. (2012) . The functions of the maximum rate of gross biomass production and the maximum net rates of CO 2 exchange of leaves have been modified for smoothing in this study because kinks of functions engender drastic changes in the elasticities and yields of crops. Furthermore, these smoothed functions can capture the effects of small changes in climate variables on the elasticities. These more realistic elasticities will improve the accuracy of evaluations of the climate-change impacts on the supply and demand of crops. 
If P m ≥ 20, then,
Therein, F stands for the fraction of the daytime for which the sky is cloudy, as determined using the following function: If P m ≥ 25 , then, function (4). Figure 3 depicts the relation between P m and b gm of the modified function.
(2) Maximum net CO 2 exchange rate of leaves The maximum net CO 2 exchange rates of crop leaves according to temperatures are provided in the tables of appendix VII of an earlier report (Fischer et al. 2002) . Those are point data in 5°C increments. First, linear interpolations are applied to the data. However, the estimated yields change dramatically over the point data, such as 25°C. Alleviating the drastic changes in thresholds, cubicspline (CS) interpolations are applied to the data. If points of data are (
Using conditions of interpolation and continuity of the first and second derivatives on the tangent points, parameters c i are obtained by solving the tri-diagonal matrix function, while other parameters are obtained from the conditions of continuities (Shimoda & Tabe 1990) . The CS functions are estimated for four crops with two or three types and Figure 4 presents the relation between temperature and P m of Japonica rice in a wetland area.
(3) Temperature and solar-radiation elasticities of the potential yield The temperature elasticity of the potential yield is calculated using the following equation.
In that equation, Yp signifies the potential yield (kg ha denotes the temperature (°C), B n represents the rate of net biomass production (kg ha -1 ), b gm stands for the maximum rate of gross biomass production (kg ha -1 day -1 ), N denotes the total growing days (day), and c t stands for a constant proportion of maintenance respiration (g g -1 day -1 ). The potential yield is that calculated from the crop model of Doorenbos & Kassam (1979) . The gap separating the actual yield and the potential yield is explained by evapotranspiration in the GAEZ. The total growing days (N) are estimated from cropping calendars of the United States Department of Agriculture (World Agricultural Outlook Board 1994).
Substituting ∂b gm / ∂TP, i.e., the marginal propensity of the maximum rate of gross biomass production to temperature, and c t = c 30 (0.0044 + 0.0019TP + 0.0010TP 2 ), which is shown in equation (8) of Appendix 4-5 of a report by Fischer et al. (2012) , into the equation, the temperature elasticities of potential yield were obtained as presented below. If P m ˂ 15, then,
If 15 
If P m ≥ 25, then,
In those equations, c 30 = 0.0283 for legume crops and c 30 = 0.0108 for other crops. The potential yield is calculated as
where HI stands for the harvest index and LAI represents the leaf area index. temperature and potential yield of Japonica rice in wetland, winter wheat, maize in sub-tropics, and soybeans in the tropics of the crop model of the GAEZ. These graphs indicate smoothing loci based on the modified functions of the maximum rate of gross biomass production and the maximum net rates of CO 2 exchange of leaves as shown in Figure  3 and 4. Total growing days (N) (day), harvest index (HI) (dimensionless number), leaf area index (LAI) (dimensionless number), the gross dry-matter production rate on a completely overcast day and a perfectly clear day ( ). The solar-radiation elasticity of potential yield is calculated using the following equation:
The marginal propensity of F to RG is shown below.
Substituting the marginal propensity of b gm to F and that of F to RG into the equation, the solar-radiation elasticities of the potential yield are obtained as presented below. If P m ˂ 15, then (iii) Maize in sub-tropics (iv) Soybeans in tropics N=165, HI=0.45, LAI=4.5, bo=216, bc=417, TP=18 N=185, HI=0.3, LAI=4.0, bo=232, bc=434, TP=25 
In a similar fashion, the yield function that is specified as the linear function with the logarithmic time trend is 
Data
Yields of rice, wheat, maize, and soybeans from 1961 or the earliest available year to 2011 were gathered from FAO-STAT for 129 countries. The selected countries depend on those of the database of GTAP 8 (Narayanan et al. 2012) . Hong Kong, Singapore, and the rest of the world including Greenland were omitted because no yield data for them are included in the FAO-STAT. These GCM forecast climate data were interpolated to the 0.5° grid using the method described by Yokozawa et al. (2003) . These grid data are averaged for each country. If the country is large, such as the U.S.A. or mainland China, these data are averaged for crop-cultivation regions according to Furuya & Koyama (2005) .
Results

Trend analyses of major production countries
Table 1-4 presents the estimation results of yield functions specified as logistic functions or linear functions with terms of logarithmic time trends. Columns of a lk , b lk , c lk , and d lk show the parameters of logistic function, i.e., minimum yield, maximum yield, slope, and inflection point, where l is the index of crops and k is the index of countries. In addition, β TPlk , β RGlk , and β PTlk respectively represent the estimated parameters of temperature, solar-radiation, and rainfall of the yield functions. Accordingly, the minimum and maximum yields are shifted by these climate terms. If the convergence results of the logistic function were not obtained, then the linear-yield functions that have terms of logarithmic time trends were estimated using OLS, AR1, or AR2. The logarithmic time trend parameters are shown in these tables in column b Tlk .
In addition to the climate variables, soil moisture and CO 2 concentration are important factors underlying yield changes under climate-change. This study includes the effects of changes in soil moisture in the parameter of rainfall. Moreover, the effects of increased CO 2 concentration are included in the time-trend parameter because the rate of increase in CO 2 concentration has remained almost constant over the past 50 years.
The three simulations are selected to ascertain climatechange effects on crop production: 1) Baseline, 2) RCP2.6, and 3) RCP8.5. The baseline scenario includes an assumption of unchanged temperature, solar-radiation, and rainfall during the simulation term of 2009-2050. Simulations of RCP2.6 and RCP8.5 include assumptions that temperature, solar-radiation, and rainfall will match those of RCP2.6 and RCP8.5 scenarios of the CMIP5. Some loci of trend and simulation results showing yields of main production countries are investigated using graphs. Figures 7(i) and 7(ii), respectively present rice yields in Japan and India. As one might expect, Japonica and Indica rice are respectively cultivated in Japan and India. The rice yield in Japan faces a downtrend phase because farmers select high eating-quality but low-yield varieties when confronted with declining demand situation. Climate change increases the yield. Average yields under RCP8.5 and RCP2.6 scenarios are expected to be 5.98 and 6.00 t ha -1 , respectively, during 2041-2050, whereas the baseline yield is expected to be 5.72 t ha -1 in those years. The rice yield in India will increase steadily, but the rate of increase is expected to slow. Yields under RCP8.5 and RCP2.6 scenarios are expected to fall respectively to 4.01 and 4.06 t ha -1 from the baseline yield in 4.09 t ha -1
, on average during 2041-2050.
Figures 7(iii) and 7(iv) respectively portray wheat yields in mainland China and India. The baseline results show a steady increase in wheat in mainland China. Climate change puts upward pressure on the yield. The respective yields of RCP8.5 and RCP2.6 are expected to become 6.29 and 6.17 t ha -1 , whereas the baseline yield will be 5.73 t ha -1 in the 2040s. The simulation results in mainland China of the climate change show substantial fluctuations during the simulation term in both RCP8.5 and RCP2.6 scenarios. The peak of the locus between yield and temperature of wheat is sharper than those of other crops such as those presented in Figure 5 (ii). The yield of wheat in mainland China will fall dramatically in the crop model if temperatures exceed 12°C. The coefficients of variation, which represent the ratio of standard deviations to averages, of yield of wheat in mainland China during the simulation term of RCP8.5 and RCP2.6 are, respectively, 7.9 and 6.4% respectively. The yield of wheat in India is decreased by climate change under the RCP8.5 scenario. The average yields under RCP8.5 scenario during 2041-2050, are expected to be 3.00 t ha -1 , whereas the baseline yield is expected to be 3.06 t ha -1 that same years.
Maize differs physiologically from the other three crops: it is a C4 crop, whereas rice, wheat, and soybeans are C3 crops. The C4 plants have thrived at higher temperatures and in drier environments than the C3 plants have, while C4 plants can adapt to a low-CO 2 atmosphere (Rötter & van de Geijn 1999 , Hatch 2002 . Figures 7(v) and 7(vi) respectively present maize yields in the U.S.A. and mainland China. The graph of the U.S.A. shows that higher temperatures will push up the yields of this crop in either scenario. Maize yields in the U.S.A. in the baseline will increase over the next 40 years. The respective yields of RCP8.5 and RCP2.6 are expected to become 12.33 and 12.55 t ha -1 , whereas the baseline yield will be 11.93 t ha -1 in the 2040s. The maize yields in mainland China are expected to be 5.89 t ha -1 in RCP8.5 and 5.98 t ha -1 in RCP2.6 scenarios, respectively, at the average of the 2040s. Those are 0.33 and 0.43 t ha -1 higher than the yield of the baseline. Figures 7(vii) and 7(viii) respectively depict soybeans yields in the U.S.A. and Brazil. Yields of soybeans in the U.S.A. are expected to increase steadily from 2.83 t ha -1 in 2011 to 3.36 t ha -1 in 2050 in the baseline. Climate change will push up soybeans yields in the U.S.A. Those under the climate scenario are expected to be 3.37 and 3.42 t ha -1 in the 2040s, respectively, under RCP8.5 and RCP2.6 scenarios. However, it is anticipated that climate change will affect soybeans yields in the Brazil. Soybeans yields are expected to be 3.80 and 3.83 t ha -1 respectively under RCP8.5 and RCP2.6 scenarios at the average of the 2040s, although that of the baseline is expected to be 3.94 t ha -1 during those years.
Geographical analysis
By analyzing climate-change effects on crop yields geographically, differences in average yields for the four crops between RCP6.0 scenario and baseline during the periods 2021-2030 and 2041-2050 can be investigated. Figures 8(i) and 8(ii) respectively portray differences in rice yields between the baseline and RCP6.0 scenarios about the two periods. These figures suggest that yields of rice in low-latitude countries except sub-Saharan African (SSA) countries will be affected by climate change in the 2020s. However, the benefits of higher temperatures will cease to exist by the 2040s in SSA countries.
Figures 8(iii) and 8(iv) respectively present differences in wheat yields between the baseline and RCP6.0 scenario for the two periods. Figure 8 (iii) shows that wheat yields in Eastern Europe are expected to be decreased by low temperatures in the 2020s. Climate change will probably affect wheat yields severely in these low-latitude countries. These figures suggest that wheat yields in southern Asian and SSA countries will decrease under the scenario.
Figures 8(v) and 8(vi) respectively depict differences in the yield of maize between the baseline and RCP6.0 scenario for the two periods. Figure 8 (vi) shows that maize yields in southern Asia, Southeast Asia, Australia, the Middle East, Africa, and Latin America are expected to be affected by climate change under the RCP scenario in the 2040s. However, both figures show that maize yields in high-latitude countries are expected to be increased by climate change under the scenario.
Figures 8(vii) and 8(viii) respectively portray differences in soybeans yields between the baseline and RCP6.0 scenarios for the two periods. Figure 8 (vii) shows that yields in Russia will be decreased by low temperatures and yields in low-latitude countries will be decreased by high temperatures in the 2020s. Figure 8(viii) shows that the higher temperatures decrease the soybeans yield in China. Parry et al. (2004) demonstrated that cereal yields in Russia and European region will be decreased by climate change under several scenarios. However, the results of our research suggest that yields of the four crops in the region will be increase by climate change. Their model, as described by Parry et al. (1999) , consists of two-stage yield estimation. First, the potential yields are obtained from crop models and are aggregated in each region. Second, the potential yields are estimated by linear or quadratic functions, the explanatory variables for which are temperature, rainfall, and CO 2 concentration. Yield functions incorporating a crop model are used for this study. The difference in structure of the models used for yield estimation engenders the difference in results. Furthermore, as Rosenzweig et al. (2014) have reported, the differences in estimated cropmodel yields affect the differences in the results of this study from those of other studies.
Conclusion
Yield functions of rice, wheat, maize, and soybeans were obtained by estimating logistic functions or linear functions with a term of logarithmic time trend. These yield functions include climate factors as explanatory variables. Furthermore, the temperature and solar-radiation elasticities of yields were calculated using a crop model developed by Doorenbos & Kassam (1979) and the crop model was modified by introducing cubic spline interpolation and logistic functions. The results of productions will exhibit large oscillations if no such smoothing procedures are used. These elasticities of climate variables are inserted into yield functions, whereupon the worldwide effects of changes in temperature and solar-radiation to yield were analyzed.
Results of the trend analysis show that yields of the four crops under RCP8.5 are lower than those under RCP2.6, except for wheat in China. Higher temperatures lead to higher wheat yields in China. Specifically addressing the variance future yields, the magnitude of fluctuation of yields of some crops in some countries is expected to be greater than in others, as for wheat in China. The magnitude of yield fluctuation will increase if the relation between yield and temperature is kinked sharply at around the optimal temperature, as shown in Figure 5 (ii), and if temperature varies in the band that is lower than the optimal temperature.
Results of the geographical analysis indicate that wheat and maize production in low-latitude countries are affected by climate change because the peak of yield to temperature is skewed to lower temperatures than those of other crops. The results suggest that yields in some countries are expected to be decreased by further rising temperatures. Production of rice in some countries, especially SSA coun- tries, is also expected to be affected by climate change. These results were obtained assuming the lack of any adaptation technologies. Progress in bio-technologies is expected to shift the loci shown in Figure 5 to the higher temperature side. Changes in CO 2 concentration and evapotranspiration must also be considered for additional analyses. The yield estimates obtained from simulations shall be applied to the world food model.
